The effect of high-temperature deformation and the influence of hot working parameters on microstructure evolution during isothermal hot forging of Ti-6Al-4V in the alpha phase field were investigated. A series of hot isothermal axis-symmetric compression tests were carried out at temperatures both low and high in the alpha stability field [(1153 K and 1223 K (880°C and 950°C), respectively], using three strain rates (0.01, 0.1 and 1.0/s) relevant to industrial press forging. The microstructures and orientation of the alpha laths were determined using optical microscopy and electron backscatter diffraction techniques. The experimental results show that there is a change in lath morphology of the secondary a phase under the influence of the deformation parameters, and that a lath thickness appears to have little influence on flow behavior.
The effect of high-temperature deformation and the influence of hot working parameters on microstructure evolution during isothermal hot forging of Ti-6Al-4V in the alpha phase field were investigated. A series of hot isothermal axis-symmetric compression tests were carried out at temperatures both low and high in the alpha stability field [(1153 K and 1223 K (880°C and 950°C), respectively], using three strain rates (0.01, 0.1 and 1.0/s) relevant to industrial press forging. The microstructures and orientation of the alpha laths were determined using optical microscopy and electron backscatter diffraction techniques. The experimental results show that there is a change in lath morphology of the secondary a phase under the influence of the deformation parameters, and that a lath thickness appears to have little influence on flow behavior. TITANIUM alloys are widely used for many applications, especially in the aerospace industry owing to their combination of high strength, corrosion resistance, and low density. Among titanium alloys, the two-phase Ti-6Al-4V is the most popular, and an enormous amount of work has been done regarding the improvement of its mechanical properties through heat treatment, hot working, or a combination of these processes. The alloy can be tailored by altering microstructure and texture through thermo-mechanical processing (TMP) in order to control the mechanical properties during cooling from the beta phase field. The breakdown of the colony-alpha microstructure during (a + b) thermo-mechanical processing plays a pivotal role in obtaining a uniform, fine equiaxed alpha microstructure in forging bar and billet, plate, and other alpha/beta mill products. Most of the research in this area has focused on the workhorse alloy aerospace titanium alloy, Ti-6Al-4V. A number of investigators have examined the kinetics of the globularization of (a + b) titanium alloys during sub-transus hot working, [1] [2] [3] mainly using modes of loading such as uniaxial compression and tension during deformation. The possible mechanisms by which lamellar microstructures coarsen or transform to a globular morphology have been studied by various investigators. [4] [5] [6] [7] The present work was undertaken to quantify the effect of TMP parameters on the evolution of microstructure and orientation of alpha laths in two-phase (a + b) Ti-6Al-4V. The main objective of the work was to delineate the mechanism by which globularization occurs during TMP of two-phase (a + b) titanium alloy with a lamellar preform microstructure. Owing to its technical importance, the mechanism of the globularization process has been the subject of many studies over the years, but there have been a limited number of studies on deformation texture of Ti-6Al-4V during hot compression tests that simulate the forming process of components made from this alloy. The major contributions of this work are the identification of deformation and globularization mechanisms, and the understanding of the evolution of microstructure by studying the orientation distribution or rotation of the a-phase during Ti-6Al-4V during deformation. Electron backscattered diffraction (EBSD) was used to study the alpha lath orientation of Ti-6Al-4V during hot working.
II. MATERIAL AND EXPERIMENTAL PROCEDURE

A. Material
The material used was (a + b) titanium alloy Ti-6Al-4V produced by TIMET UK Ltd and supplied by QinetiQ Ltd in the form of round bar with 40 mm diameter and length of about 90 mm. The measured chemical compositions (wt pct) were 6.48Al, 3.99 V, 0.22 Fe, 0.16 O, 0.002 N, 0.02 C, 0.005 H, and balance titanium. The microstructure of the as-received Ti-6Al-4V alloy was composed of equiaxed a grains in a matrix of beta phases, as shown in Figure 1(a) . The as-received material was heat treated to produce a lamellar structure by holding at a sub-transus temperature of 1223 K (950°C) for 10 minutes, then heating to a super-transus temperature of 1303 K (1030°C) for 2 minutes followed by water quenching. The heattreated specimens, characterized by an acicular microstructure, are shown in Figure 1(b) .
B. Hot Compression Tests
In order to understand the initial globularization process, a series of hot compression 'upset' tests was carried out using a computer-controlled servo-hydraulic MTS 100 kN machine coupled with an Instron Severn Furnaces Ltd Radiant Furnace model RHS1856A, at fixed nominal strain rates and temperatures relevant to industrial hydraulic press forging. For this purpose, cylindrical samples measuring 15.0 mm in height and 10.0 mm diameter were manufactured using an electro-discharge machine (EDM), then heated to test temperature, soaked for 30 minutes, and upset under constant axial (true) strain-rate conditions. During hot compression testing, isothermal conditions were achieved using a Eurotherm 8-segment programmable controller (model 2408). The maximum rate for heating the test specimen to the test temperature was 1°C/s.
Test temperatures both low and high in the (a + b) stability field, 1153 K and 1223 K (880°C and 950°C), respectively, were chosen to investigate the effect of differing a/b phase proportions. Strain rates were 0.01, 0.1, and 1.0 s À1 and deformation was allowed to proceed to various strain levels (0.1, 0.2, 0.4, 0.7, and 1.0) before being interrupted. After isothermal compression testing to the predetermined strain level, the cylindrical specimens were water quenched to room temperature. These specimens were axially sectioned parallel to the compression axis and prepared using standard metallographic techniques. For comparison, six additional samples were heated to deformation temperatures, given an identical soak, and water quenched to determine the undeformed microstructure. Following deformation, five selected specimens were sectioned axially (at one-third of the deformed specimen height, indicative of the average deformation) and prepared for EBSD analysis. EBSD analysis was carried out using a Zeiss field emission gun scanning electron microscope, and orientation maps were constructed from orientation data using MTEX texture analysis software. [8] 
III. RESULTS AND DISCUSSION
Microstructure and orientation map results showed a marked dependence on forging temperature due to the associated variation in the volume fractions of the alpha and beta phases. It is understood from previous work. [9] The volume fraction of alpha at 1153 K (880°C) was 0.70 and~0.30 at 1223 K (950°C). It is also understood that the difference in the volume fraction of alpha and beta affects the relative partitioning of strain between the two phases. [10] A. Flow Stress Behavior of Ti-6Al-4V
The flow stress curves derived from hot isothermal testing of Ti-6Al-4V with the acicular initial microstructure at both sub-transus 1153 K (880°C) and near-transus temperatures 1223 K (950°C) with the three different strain rates (0.01, 0.1, and 1/s) are presented in Figure 2 . In particular, the hot deformation behavior of the 'medium' thickness alpha lath microstructure at 1153 K and 1223 K (880°C and 950°C) is shown for all strain rates (solid lines); the 0.1/s tests have been repeated at the same temperature for the 'fine' and 'coarser' microstructures marked as dotted and dashed lines, respectively, in Figure 2 . These curves clearly indicate that the flow stress was strongly dependent on temperature and applied strain rate. All the flow curves showed the characteristic features of strong initial strain hardening, a broad peak at low strains, followed by moderate to extensive flow softening beyond the peak stress until a steady-state stress was reached.
This type of behavior is well documented in the literature on the hot deformation of Ti-6Al-4V with an acicular structure. [11, 12] It can be noted that the influence of the three different ('coarse', 'medium,' and 'fine') acicular microstructures showed little effect on the flow softening and only a minor effect on strain rate. The flow softening effect was slightly more pronounced at 1223 K (950°C). The insensitivity of flow behavior to initial microstructure is surprising given that alpha lath thickness has been successfully used as an indicator for the progress of dynamic spheroidization of the alpha phase during hot forging of Ti-6Al-4V. [13] Our systematic investigation of the hot deformation behavior of Ti-6Al-4V at 1153 K and 1223 K (880°C and 950°C), using a range of initial lamellar microstructures has proved that there is little influence of alpha lath thickness on overall flow behavior for the range considered ( Figure 3) . Therefore, the significant flow softening observed for all deformation conditions is believed to be associated with spheroidization of the lamellar structure and also progressive realignment of alpha laths with their long axes perpendicular to the uniaxial compressive loading axis, which appear to coincide with the attainment of the steady-state flow stress.
B. Isothermal Forging at 1223 K (950°C)
The microstructure evolution with strain of Ti-6Al-4V during isothermal forging at 0.1 s À1 at a deformation temperature of 1223 K (950°C) with the alloy showing the 'medium' alpha lath microstructure is shown in Figures 4(a) through (e).
It appears that the behavior of deformation and transformation of the prior alpha lamellar phase is very complex at this processing temperature. From  Figures 4(a) through (e), it can be noted that some of the lamellar a phases have been distorted during hot working and with the increasing strain showed that the break-up of the prior a started at a strain >0.2 (Figure 4(c) ). It is evident from Figures 4(a) through (e) that, at 1223 K (950°C), there is significant distortion in the lath structure, and many laths have undergone fragmentation leading to a change in aspect ratio, indicative of the early stages of progressive globularization. It is more apparent that laths have a tendency to become aligned with their long axes perpendicular to the direction of compressive loading at a strain of 1. In order to carry out a quantitative examination of changes in lath morphology, orientation image maps were constructed from EBSD patterns of the hcp alpha phase in the same transverse plan as the optical micrographs. These measurements were made using a step size of 1 lm, small enough to enable identification of primary alpha laths with thicknesses above~1 lm, while also being large enough to enable coverage of a significant area, 600 lm 9 600 lm, which encompassed several alpha colonies in a reasonable period of time. All of the alpha maps were constructed by drawing boundaries between regions of alpha phase with orientation differences greater than 10 deg. Grains with a perimeter less than 10 lm are not shown. The alpha lath morphology of initial pre-tested and deformed 'medium' thickness a-lath microstructure of Ti-6Al-4V at 0.1/s with various strains (0.0, 0.2, 0.7, and 1.0) are presented in Figure 5 . In Figure 5 (a), the alpha phase evolution of pre-tested acicular microstructure shows a random orientation of alpha laths for strains of 0.0, 0.2, and 0.7, predominately very strong in one direction with the increasing strain (e = 1) and at constant strain rate of 0.1/s ( Figure 5(d)) . Therefore, the effect of deformation temperature and increasing strain can rotate and break the laths toward the direction perpendicular to the loading axis. The orientation of alpha laths at a strain of 1.0 and strain rate of 0.1/s indicates a strong single pole orientation toward transverse direction and also shows an increase in pole intensity as compared to lower strain levels. This clearly indicate that laths remain fairly randomly oriented during the early stages of deformation, until well past the peak stress (e = 0.2), but then became strongly aligned with their long axes perpendicular to the direction of loading (e = 1.0)
C. Isothermal Forging at 1153 K (880°C)
The effect of strain on the microstructure evolution of Ti-6Al-4V observed during isothermal forging at 1153 K (880°C), at constant strain rate of 0.1 s À1 and strains of 0.1, 0.2, 0.4, 0.7, and 1.0 for 'medium' alpha lath were studied, and the results are shown in Figures 6(a) through (e). Stress-strain curves of the Ti-6Al-4V alloy with 'medium' thickness alpha laths compressed at 1153 K (880°C) at a nominal strain rate of 0.1/s exhibited an initial hardening transient, a peak flow stress, and then flow softening (Figure 2(b) ). Such behavior in single-phase metallic materials is commonly associated with discontinuous dynamic recrystallization, i.e., the nucleation and growth of new grains. [14] But, for two-phase (a + b) titanium alloys with a lamellar initial structure, flow softening can be associated with the rotation of lamellae toward ''softer'' orientations with slip transmission across the a/b interfaces. [14, 15] At 1153 K (880°C), the fragmentation and globularization of the a phase during deformation are more difficult to detect, owing to its large volume fraction. The increase in alpha phase volume has developed coarser alpha lamellar after water quenching. This illustrates that the extra 30 minutes soak at 1153 K (880°C) can lead to bfia transformation which in turn increases the volume fraction of a-phase. During compression at 1153 K (880°C), the microstructure evolution comprised an elongation of the b grains and rotation of the a lamellae toward the metal flow direction. There are bent a lamellae observed in a colonies in which the lamellae were close to being parallel to the compression axis. The microstructure observation at 1153 K (880°C) clearly indicates that with increasing strain the initial uniform lath structure has undergone significant distortion including bending and kinking. This is noticed most in those laths which lie almost parallel to the (vertical) direction of loading. This particular mode of mechanical lath deformation is well documented. [15, 16] Those laths in the colonies which are initially aligned with the flow direction-i.e., perpendicular to the compression axis-have undergone little morphological change during deformation. At e = 1.0, almost all of the lamellae had become aligned with the metal flow direction (Figure 6(e) ), confirming that the degree of lamellar rotation increased with strain. The work by Semiatin et al. [17] found that microstructure evolution of Ti-6Al-4V on deformation at 1153 K (880°C) was mainly associated with the common processes of a platelet pinch-off/fragmentation and subsequent globularization of the remnant lamellae by termination migration.
The alpha phase evolution of the pre-tested acicular microstructure shows random orientation with other weak orientations, seen as faint dots. Figure 7(a) shows the orientation of grains at strain = 0, where the random orientation of laths which is similar to the grain orientation map at e = 0. At e = 0.2, three strong orientations of laths were observed in Figure 7 (b), one dominant and the other two less so. With the increase in strain (e = 0.4 & e = 0.7), it is seen that the previous three strong orientations were joined together to form an intermediate single orientation of laths (Figures 7(c)  and (d) ). In Figure 7(d) , it is noted that increasing the imposed strain can rotate the a-laths and make them align in the direction perpendicular to the hot compression direction. The significant feature in Figure 7 (d) is that the intensity is only 29 random (others are nearly 109 random). This correlates with the higher amount of spheroidization. The grain measurements are easily extracted by fitting an ellipse to each grain shape, which allows a statistical examination of changes in lath orientation and aspect ratio to be undertaken. The frequency distribution of the a-lath orientation at various strain levels during isothermal forging at 1223 K and 1153 K (950°C and 880°C) at 0.1/s have been summarized in Figures 8(a) and (b), 9(a) and (b) . This also confirms that the average grain size is nearly the same with increasing strain rate at 1153 K (880°C), with only a slight tendency to increase with the increasing strain.
IV. CONCLUSIONS
Hot compression behavior of a commercial grade
Ti-6Al-4V with an acicular starting microstructure has been characterized with the help of isothermal compression tests at both near-transus (1223 K (950°C)) and sub-transus temperatures (1153 K (880°C)) with various strain levels (0.1, 0.2, 0.4, 0.7, and 1.0) and strain rate range (0.01-1.0 s À1 ). 2. Significant flow softening, observed for all deformation conditions, was not solely associated with globularization of the lamellar structure. Instead, progressive realignment of the alpha laths with their long axes perpendicular to the uniaxial compressive loading axis appears to coincide with the attainment of a steady-state flow stress. 3. Microstructure evolution during deformation of Ti-6Al-4V is motivated mainly by the imposed strain and by kinking of the a lamellae. If the long axes of alpha laths are perpendicular to the loading direction, the a laths are kinked. Otherwise, the a laths rotate with strain, tending to became aligned perpendicular to the loading direction, and their thickness is reduced somewhat. 4. Correlation of experimental results such as flow softening and microstructure evolutions of Ti-6Al-4V has shown that the rotation of the lamellar microstructure occurs during hot working.
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